Refractive index dispersion has been determined for fluorine doped fused silica containing 1 and 2% fluorine. Addition of fluorine is found to reduce the refractive index and material dispersion. Fibers modeled for minimization of modal dispersion having fused silica cores and fluorine doped silica cladding show a strong composition dependence of the optimum refractive index profile. Comparison of results with those in the literature based on N.A. vs X measurements reveal minor discrepancies probably due to the drawing process.
I. Introduction
The refractive index dispersion has been measured on bulk samples of commercial fluorine doped silica glasses, which were prepared by a plasma torch in the same way the glasses are for use in certain optical waveguides. 1 2 Fluorine doping lowers the refractive index of fused silica and, therefore, is a suitable dopant for preparation of multimode and single-mode lightguides having fused silica cores. Numerical apertures of 0.2 have been achieved with only 3 wt. % addition of fluorine to the glass. 2 Bulk measurement of refractive index dispersion continues to be of importance for accurate characterization of dispersion in glasses used in lightguides. Although techniques have been developed which measure the dispersion on fiber specimens, their accuracy is in doubt particularly with respect to the composition or state of annealing to which the measurements apply. It is well known that step index lightguides made by MCVD or other related fabrication techniques produce lightguiding material in layers which exhibit significant interlayer and intralayer compositional variation. Many of these lightguide analysis techniques, particularly those using interferometry, are insufficiently precise to discern adequately the index change between layers (for example, see Ref.
3). Thus index measurements on bulk glasses are important to supplement the corresponding measurements on fibers even though the cases. They are particularly necessary for characterization of the materials apart from the core-cladding stress, 4 compositional variation, and unknown thermal history involved in fiber measurements.
II. Experimental
The bulk fused silica samples doped with 1 and 2 wt.
% fluorine were obtained from Heraeus Quartzschmelze
GmbH. These were reportedly made with a plasma chemical vapor deposition apparatus,' which is the same equipment used by them for making the F-doped optical waveguide preforms. Without additional heat treatment these pieces were prepared as prisms with apex angles of -45° and faces optically polished to 1/10 wavelength flatness. Refractive index was measured using a recently developed computerized refractive index measurement apparatus, 5 which measures the deviation of monochromatic radiation through a prism specimen. The standard deviation of these measurements is 3.5 X 10-5.
Indices were determined for 24 wavelengths from 0.36 to 2.3 gum on the 1% sample and for 17 wavelengths from 0.36 to 1.7 ,im for the 2% sample. Two to four measurements were made at each wavelength. Wavelengths were not used between 1.7 and 2.3 ttm for the 2% sample because its small size gave a very low transmitted signal, especially at the longer wavelengths.
The temperature of the prisms varied several degrees Celsius, about 25 0 C during the periods in which the measurements were made on each prism. To compensate for this variation and facilitate comparisons of the data with other measurements on fused silica, the index values were corrected to 20'C using the temperature coefficients for fused silica determined by the National Bureau of Standards. 6 The index in each case was fitted to a three-term Sellmeier dispersion formula of the form n2 -
where Ai is an oscillator strength, 1i is an oscillator wavelength, and X is the wavelength at which the index is n. The average absolute values and standard deviations of the residuals are, respectively, 2.4 X 10-5 and 3.6 X 10-5 for the 1% sample and 2.4 X 10-5 and 2.6 X 10-5 for the 2% sample. A standard F test of the residuals indicates that there is no reason to doubt that the formula accurately represents the data.
Ill. Results and Discussion
Measured refractive indices for the two fluorine doped glasses and for pure SiO 2 are listed in Table I . As indicated, the addition of fluorine decreases n. The computed Sellmeier coefficients are given in Table II . The third term of the relationship, which is correlated with an intrinsic absorption of the material in the infrared, has an oscillator strength close to unity and an oscillator wavelength very near a predominant absorption wavelength for fused silica. This is similar to the behavior found previously 7 and is consistent with the observation that the dispersion of the F doped glasses is not very different from that of fused silica. From a calculation of the second derivative of the fitted Sellmeier relationship using the analytical expression for the derivative, the wavelength Xo of zero material dispersion was determined for these glasses. F doped silica as a cladding material and with silica cores, Fig. 1 shows the numerical aperture as a function of wavelength A. For the core data the fused silica results obtained for a quenched sample 9 were used. This is believed to be more appropriate for waveguide modeling than the NBS data 6 on well-annealed SiO 2 , since measurements of the refractive index of drawn silica fibers indicate that the silica is definitely quenched. 1 0 Employing an approximation for modal propagation in multimode lightguides, 11 , 1 2 one can determine from core and cladding dispersion data an index profile shape which for a smooth profile (no index steps) should minimize modal dispersion in lightguides comprised of the core and cladding material. The profile shape is characterized by the well-known parameter a n(r,) = ni(X) 1 -2A (r) 1 12 , where n is the axial refractive index; a is the core radius; and A is the fractional index difference between axis and cladding. This lack of detailed agreement between the bulk and the fiber results is important, as fiber design based on bulk measurements is very convenient. One possible source of discrepancy arises from the difference in refractive properties which exists between annealed and unannealed glasses, the fiber being in a state of quenching as yet unaccounted for in model calculations.
Other possible differences between fiber and bulk measurements might arise from the layer structure which is a by-product of the fiber fabrication technique. It is not possible at this time to resolve quantitatively the disagreement between the two methods of measuring, but the resolution will surely reveal a more detailed understanding of actual fiber structures.
IV. Conclusion
Accurate refractive index dispersion data on two F doped silica bulk specimens have been presented and compared with similar results for pure silica. The results of modeling fibers with F doped silica cladding and silica cores using the bulk data indicate a compositional dependence of the optimum profile shape. These results differ from those experimentally measured on a fiber of the same structure as that modeled and having an F doping level between those of the two bulk samples.
The differences cannot be resolved quantitatively at the present time, but alterations in refractive properties due to the drawing process, quenching, or diffusion of dopants may contribute.
